Context. The Sloan Digital Sky Survey (SDSS) and Wide-field Infrared Survey Explorer (WISE) provide information about the surface composition of about 100 000 minor planets. The resulting visible colors and albedos enabled us to group them in several major classes, which are a simplified view of the diversity shown by the few existing spectra. A large set of data in the 0.8 -2.5 µm, where wide spectral features are expected, is required to refine and complement the global picture of these small bodies of the solar system. Aims. We aim to obtain the near-infrared colors for a large sample of solar system objects using the observations made during the VISTA-VHS survey. Methods. We performed a serendipitous search in VISTA-VHS observations using a pipeline developed to retrieve and process the data that corresponds to solar system objects (SSo). The resulting photometric data is analyzed using color-color plots and by comparison with the known spectral properties of asteroids. Results. The colors and the magnitudes of the minor planets observed by the VISTA survey are compiled into three catalogs that are available online: the detections catalog (MOVIS-D), the magnitudes catalog (MOVIS-M), and the colors catalog (MOVIS-C ). They were built using the third data release of the survey (VISTA VHS-DR3). A total of 39 947 objects were detected, including 52 NEAs, 325 Mars Crossers, 515 Hungaria asteroids, 38 428 main-belt asteroids, 146 Cybele asteroids, 147 Hilda asteroids, 270 Trojans, 13 comets, 12 Kuiper Belt objects and Neptune with its four satellites. The colors found for asteroids with known spectral properties reveal well-defined patterns corresponding to different mineralogies. The distributions of MOVIS-C data in color-color plots shows clusters identified with different taxonomic types. All the diagrams that use (Y-J) color separate the spectral classes more effectively than the (J-H) and (H-Ks) plots used until now: even for large color errors (<0.1), the plots (Y-J) vs (Y-Ks) and (Y-J) vs (J-Ks) provide the separation between S-complex and C-complex. The end members A, D, R, and V-types occupy well-defined regions.
Introduction
About 700 000 minor planets (small bodies of the solar system orbiting the Sun) are known today. They occupy a variety of orbits ranging from near-Earth t the Kuiper belt. Their study is motivated both by the fundamental science of solar system origins, and by practical reasons concerning space exploration and the impact frequency with Earth.
The discovery of minor planets has grown almost exponentially in the past two decades thanks to dedicated surveys. However, the physical characteristics such as compositions (Carvano et al. 2010; DeMeo & Carry 2013) , sizes (Mainzer et al. 2012 (Mainzer et al. , 2011b , and masses (Carry 2012) are available only for a fraction of them. Visible colors and albedo are known for about 100 000 asteroids thanks to SDSS (Ivezić et al. 2001) and to WISE (Mainzer et al. 2011a) , respectively. Around 20 000 mi- The VHS survey (McMahon et al. 2013 ) covers the largest sky area and aims to image the entire southern hemisphere, ∼ 19 000 square degrees. The resulting data is almost 4 magnitudes deeper than earlier 2MASS (Skrutskie et al. 2006 ) and DE-NIS (Epchtein et al. 1994 ) surveys, thus we expect to find up to 100 000 minor planets when the entire survey will be completed. In this paper we used the third data release of the survey (VISTA VHS-DR3), which imaged a field of 8 239 square degrees, representing ∼20% of the total sky area (Fig. 1) . This corresponds to a progress of ∼ 40% of the planned survey.
We compiled the VISTA-VHS sources associated with SSo in a set of catalogs called Moving Objects from VISTA survey (MOVIS). This article describes the pipeline used to obtain the spectrophotometric and astrometric data of these SSo and discusses the results in the context of their spectral types and taxonomies. The paper is organized as follows: a general description of the VISTA-VHS observing strategy and data products is introduced in Sect. 2; the algorithms forming the MOVIS pipeline are presented in Sect. 3; the structure of the catalogs is explained in Sect. 4; and, the results are analyzed in Sect. 5.
VISTA Hemisphere Survey(VHS): observations and data products
This section briefly introduces the observation strategy and the data-flow of the VISTA-VHS survey. A detailed description is presented by Cross et al. (2012) .
Survey observations
Infrared imaging deals with a large number of artifacts and it is strongly affected by the rapid sky variability. Therefore, imaging is commonly performed in a jitter mode: the observation of a region of the sky is broken up in short exposures and the telescope is moved slightly between them. Once reduced, these images are combined to form a single image, allowing the correction of most of these effects (bias level, bad pixels, flat-fielding and sky subtraction).
The wide field of NIR imaging of VISTA survey is done using a mosaic camera composed of 16 large 2048 x 2048 pixels Raytheon VIRGO infrared detectors. The plate scale of a detector is 0.34 /pixel. The detectors are separated by a space of 10.4 arcmin (which represents ∼90% of the detector size) in the X direction and by a space of 4.9 arcmin (which represents ∼42.5% of the detector size) in the Y direction (Cross et al. 2012) .
A single exposure reduced frame is called a normal frame. These frames can be stacked (co-added) together with small offsets in position using a dithering pattern. This stack frame reduce the effects of bad pixels and increase the signal to noise ratio (S/N). The area of sky covered by the pixels of a normal frame is 0.6 square degrees. The sequence of telescope movements to image an area of the sky using three different filters: J (1-6), H (7-12), and Ks (12-18).
The VISTA basic filled survey area is a tilestack (mosaic) image. It is made up of a sequence of six stacks obtained by shifting the pointing of the telescope: three pointings separated by 47.5% of a detector size are made in the Y-direction of the camera and for each of them two pointings are made, which are separated by 95% of a detector size in the X-direction . In Fig. 2 we show a typical sequence of stacks, with Y aligned with right ascension (RA) and X aligned with declination (DEC), which produces the tilestack images in J, H, and Ks. 
Data products
The observations are processed with the VISTA Data Flow System Lewis et al. 2010 ). These science products are available at the ESO Science Archive Facility and at the VISTA Science Archive (Cross et al. 2012) .
Stack and tilestack images Lewis et al. 2010 ) are processed to obtain the astrometric positions and the photometry of each of the sources detected in the images. This information is stored in the detection catalogs available at VISTA Science Archive (VSA), which is a component of the VISTA Data Flow System (VDFS). The VDFS is the pipeline that accomplishes the end-to-end requirements of the VISTA survey: from on-site monitoring of the quality of the data acquired, removal of instrumental artifacts, astrometric and photometric calibration, to accessibility and user-specified data products (Emerson et al. 2004; Hambly et al. 2004; Irwin et al. 2004) .
The data products are stored in a relational database management system (RDBMS). A set of interfaces enables us to access the data (Cross et al. 2012) . The detailed description of the tables corresponding to each data release is provided online 1 . The VSA tables used in this article are Multiframe and vhsDetection. The information was retrieved using the Freeform SQL interface provided on the website.
The Multiframe table contains the observing logs for each image identified by the multiframeID. This provides the date and time of observation, the coordinates of the center of the field, the filter used, a quality grade of the image and other details related to the observing strategy and conditions. These specifications are given for all types of frames (normal, stack, and tilestack).
The vhsDetection table contains the photometric and astrometric measurements of the objects imaged in the stack frames. The raw extraction attributes are provided for each detection. A detection is a measurement of an object obtained from a single stack frame.
The dataset corresponding to VISTA VHS-DR3 that was used in this work was obtained between November 4, 2009 and October 20, 2013 . It contains 9 276 stack frames obtained with Y filter, 32 796 with J filter, 11 760 with H filter, and 32 730 with Ks filter.
Solar system objects recovering pipeline
By covering a large area of the sky, VISTA-VHS survey imaged many SSo and included their measurements in the catalogs. To retrieve the Y, J, H, and Ks photometric data, as well as the accurate astrometry of these objects, we developed a pipeline to make the association between the SSo predicted positions and the detections found in vhsDetection catalog. This section describes the methods used to obtain the astrometry, the photom-1 http://horus.roe.ac.uk/vsa/www/vsa_browser.html etry, and the colors of the SSo included in VISTA-VHS survey catalogs and the completeness and reliability of the results. Fig. 3 shows the schematic of this recovering pipeline (called MOVIS pipeline).
The algorithm is divided into several steps: 1) find the SSo that were imaged by the survey; 2) retrieve their corresponding astrometric and photometric measurements from the vhsDetection table; 3) validate the detections based on observed minus computed (O-C) positions, and by comparing them with USNO-B1 star catalog ; 4) post-process the information to obtain the colors and spectrophotometry of each object. The final products of the pipeline are split into three catalogs, each one addressing data combined in a different manner: the detections catalog (MOVIS-D), the spectrophotometric catalog (MOVIS-M), and the colors catalog (MOVIS-C).
Solar system objects discovery observations in the survey fields
Compared with the background stars, SSo appear as moving sources. Finding these objects in an observation field requires a cross-matching of the right ascension (RA) and declination (DEC) of the known SSo (computed for the accurate time-stamp of the observation), and the coordinates of the imaged field of view (see Vaduvescu et al. 2013 , for an example of this process). The movement rate of SSo ranges from milli arc seconds per minute, for trans-Neptunian objects, to several arc seconds per minute, for near-Earth asteroids (NEAs). The typical value for a main-belt object (MBO) is 0.3 /min. If the movement of the object during the exposure, given by the exposure time of the image multiplied by its movement rate, is smaller than the astronomical seeing, the object appears as a point-like source. Otherwise, the object may form a trail on the image. For an image obtained by co-adding multiple exposures, which is the case for some types of frames from the VISTA survey, the object can appear as a double lobed object or as multiple objects if the observing time interval (the interval between the beginning of first exposure and the end of last exposure that are co-added) multiplied by movement rate is larger than the astronomical seeing. Considering this constraint, the most appropriate type of image to obtain photometry and astrometry of SSo is the stack frame. The histogram of the observing time intervals of the stack frames used in this work is shown in Fig. 4 . Taking into account the seeing and the aperture size, we can obtain accurate photometry for most of the objects with an apparent movement rate less than ∼2 /min, sufficient to cover the MBOs and most of the NEAs.
We retrieved all the observing logs that correspond to stack frames for which the observation type was the object, and which were not deprecated (although different degrees of deprecation may be considered for further versions of the data). For the VHS-DR3 release, this selection provided 86 502 entries (images). The information obtained includes the coordinates (RA and DEC) of the center of each field and the accurate timing (given as MJD -modified Julian Day) of the observation for each frame identified by multiframeID (which is also a key parameter for other tables used by our pipeline). Based on these parameters (RA, DEC, MJD), we used Simple Cone Search (SCS) web-service provided by SkyBoT (Berthier et al. 2006) , via the VO-IMCCE website 2 . The SkyBoT cone-search method enabled us to retrieve the computed position of all the known solar system objects located in a specific field of view. For each retrieved object, it provides information regarding its designation (name, number, temporary designation), ephemeris (RA, DEC, V magnitude, phase angle, movement rates, and orbital uncertainties), and dynamical classification according to the characteristics of its orbit.
We automatically queried the SkyBoT service (using SOAP protocol) for all stack frames, and we logged all the objects predicted to be in these images with V magnitude brighter than 21. This is the limiting magnitude required to obtain the photometric errors lower than 0.1 (as shown in Section 3.4), and it was estimated by considering the spectral behavior of G2V stars. The code was designed to avoid the overload of the SkyBoT server (we typically sent about 300 queries per hour). The cone search was done for a radius of 3 000 around the center of the field to accommodate the field of view of the image and some possible orbital uncertainty. A monitoring routine detected the incomplete or empty answers and re-ran those queries again.
A total of 68 237 objects with an apparent magnitude of V < 21 were predicted to be imaged by VISTA-VHS survey. A set of 62 340 from this total number had orbital uncertainties lower than 10 .
Detections retrieval and validation
To retrieve the photometry and the astrometry of the SSo predicted to be imaged, we used the enhanced version of the Freeform SQL provided by the VISTA Data Flow System for each individual stack frame. A table summarizing the information obtained from the SkyBoT was cross-matched with the 2 http://vo.imcce.fr/webservices/skybot/?conesearch vhsDetection table using SQL commands. The cross-matching implied a squared search box centered at the predicted position. The side of the box was 6 · σ u (where σ u is the orbital uncertainty), but no less than 2 . We considered objects having σ u ≤ 10 to limit the objects with apparent neighbors in the searched area, for which a separate algorithm is required. The total number of the retrieved detections was 331 852, corresponding to 47 666 objects. For each detection, all the information contained in the vhsDetection was obtained.
The first step for sorting the retrieved data is the removal of the deprecated measurements. A total of 46 880 detections were removed since they were marked as deprecated, saturated, having quality issues, or as noise. This information is contained in the following parameters of the vhsDetection table: deprecated 0, saturatCorr 0, ppErrBits 0, respectively class = 0.
To remove the misidentifications owing to background source confusion, a cross-matching with the USNO-B1 star catalog was made. The cross-matching was performed using the Multiple Cone Search option from TOPCAT (Taylor 2005) . The search was done within a radius of 1 . A total of 11 673 detections from the retrieved data were associated with stars and consequently removed. The lack of a star catalog association is not a sufficient confirmation for a minor planet identification. Sykes et al. (2000) note that a way to eliminate the confusions between minor planets and background sources is to look at the difference between the predicted magnitudes and observed magnitudes. They found that identifications having V-J greater than 3 are likely detections of background sources. In Fig. 5 we show the distribution of the V-J for the valid detections of SSo (those detections that fulfilled all the above described criteria) compared with the distribution of V-J of those detections overlapping with an identified background source. We note that the V-J distribution of the valid detections of minor planets is centered at 1.17 with a standard deviation of 0.3, which is in agreement with Sykes et al. (2000) who noted that detections with V-J greater than 3 are likely background sources. This confirms our selection. On the other hand, the distribution of the minor planets overlapping with an identified background source is spread over a broad range of values (centered at 3.47 with a standard deviation of 1.8 ), tending to be constant between 1.5 and 4.
On average we found five observations per night for each object. This enabled us to compute the median value of the magnitudes considering all these observations. Typically, they are spread over an interval of 20 minutes. We could assume that only one or two of these detections overlapped with a background source, thus having a very different magnitude than the rest of 3-4 detections. This assumption is justified by the fact that the average apparent movement rate is ∼ 0.3 /min which implies a position change of ∼ 6 . In this way we can remove those detections that are outside of 1.9 magnitudes (this value was chosen based on distribution from Fig. 5 ) of the median value. This value was considered sufficient to avoid overlapping with the object's intrinsic photometric variation.
A strong criterion for removing the misidentifications relies on O-C. The computed coordinates are precise in the limit of the accuracy of their orbital parameters. Depending on the object, the uncertainty of the coordinates varies between several tens of milli arc seconds up to 10 arc seconds (objects with higher uncertainty were filtered out). The displacement owing to orbital uncertainty is the same (within a limit smaller than the astrometric accuracy of the observations) for all the observations of an object performed over a night, thus it can be computed as the median value of the O-C of all the observations. The detections with O-C larger than the O-C median value ±0.3 are most probably misidentifications. The interval of ±0.3 was selected considering the comparison between VHS positions and the VLBI radio reference frame 3 . This criterion which computes the alignment of the observations, applies on both RA and DEC coordinates, and it also validates the moving rate and direction of the object.
Another criterion for removing poor quality detections relies on the profile of the minor planet in the stack image. As explained in Section 3.1, for objects with large movement rate (NEAs), or for stack frames composed of exposures that are sparse in time, the object can appear as double lobbed or as multiple objects. By considering the average seeing of ∼1 and the aperture radius of 1 , we removed detections that had their apparent movement rate multiplied by the stack time interval larger than 1.0 .
The number of valid measurements that remains after all the selection criteria discussed above were applied is 230 375 (∼ 69% of the total number of detections). If a measurement fails one of these criteria, it is kept only in the detection catalog and it is flagged accordingly (see description provided in Annex A.1). These measurements can be used for particular purposes, in which case a different post-processing can be applied, or some degree of deprecation can be accepted. For further statistical interpretation, we consider only the valid detections.
All the astrometric positions corresponding to valid detections were sent to the Minor Planet Center 4 -the worldwide location for receipt and distribution of positional measurements of minor planets. The survey received the observatory code W91-VHS-VISTA, Cerro Paranal, and all detections were validated.
Post-processing of the data
Post-processing of the Y, J, H, and Ks photometric data is required to derive compositional characterization of the observed objects. The comparison of minor planet magnitudes obtained with different filters and, in some cases, on different nights, is difficult since it needs to take into account the brightness variations that are due to object rotation and due to different heliocentric and geocentric distances. However, for statistical reasons, the following assumptions can be made:
-Brightness variations due to changes in heliocentric and geocentric distances can be neglected over a single night. This is true for most of the objects, except some of the NEAs. -For statistical reasons the lightcurve variations are ignored.
The error introduced can be estimated by taking into account the periods of more than 5 500 minor planets plotted against their size, available at the Minor Planet Center 5 . Warner et al. (2009) show that objects larger than 200 m have rotational periods larger than 2.4 hrs, which is the case for most of the objects reported here. By considering the average interval in which a color was obtained as being 10 minutes, it implies a upper limit for the shift of the colors by 30% of the lightcurve amplitude. However, we note that because the observations with all four filters are typically made in 20 min, a similar shift owing to light curve variation will be introduced to each color, if they were obtained in roughly the same time interval.
-Asteroids surfaces are compositionally homogeneous.
-Phase angle effect on the colors can be neglected.
The observation strategy implies that each object is typically observed twice with each filter, although few objects may be imaged 1, 3, 4, or 6 times (Cross et al. 2012) . If the observations are performed within 15 minutes, the averaging of the measurements obtained with the same filter will increase the signal to noise ratio. The main constraint for joining the spectrophotometric data is related to the time interval in which the observations were performed. To overcome this constraint, the algorithm was designed to join observations available in different filters with the minimum lapse of time between hem. The distribution of time intervals of the spectrophotometric sets containing all four filters is centered at ∼20 minutes (Fig. 6 ). This strategy of computation implies that subtracting two colors to obtain the third one may not lead to the same result as reported in the catalog because different observations may enter in the computation of each of them. Statistically, the two results are comparable within the reported error. Moreover, about 90% of these differences are smaller than 0.05 magnitudes.
The colors of minor planets obtained on different dates were merged to obtain the most complete set available for each object and averaged to improve the signal to noise ratio (in case of multiple observations of the same color). The averaging of values of the same color obtained multiple times is performed only if the errors are comparable (within a factor of √ 2), otherwise the values with large errors are discarded, since these are probably affected by poor observing conditions.
Completeness and reliability
The completeness of the dataset can be inferred by considering the following arguments: 1) the sky area covered by the data release of the survey as shown by Fig. 1 ; 2) the list of known SSo and their orbital uncertainty (the SkyBoT web service used to prepare this article, worked with the dynamical properties of asteroids issued from the 10/2014 version of the ASTORB database); 3) the detection limit of the VISTA photometric pipeline; and 4) the capability of the MOVIS pipeline to associate the detections with the corresponding SSo.
To overcome the constraint introduced by the orbital uncertainty, the prediction of SSo positions was made on a circular area with a radius of R = 3 000 , centered over each stack frame. This is ∼ 30 larger than the diagonal of the field of view of the camera.
The photometric precision is determined by the source brightness, the photometric quality of the observing night, the detector efficiency, and the exposure time. Depending on the VHS sub-survey, the exposure time varied between 5 and 15 seconds. The magnitude limit of the survey can be inferred by plotting the photometric errors versus the predicted magnitude for the detections marked as valid by the pipeline (Fig. 8) . The magnitude limit depends on the filter: the photometric data with magnitude errors smaller than 0.1 can be obtained with Y, J, and H filters for V magnitudes brighter than 21, and in the Ks band for V magnitudes brighter than 20. Considering these constraints and the fact that we aimed to obtain data for photometric assessments and statistical analysis, the cutoff for the predicted V magnitude was 21 (justified by the data shown in Fig. 8 ). We cannot exclude the fact that there are objects with magnitudes fainter than our cutoff (V=21), which can be detected (either because of their predicted magnitude uncertainty, or that can be detected just in Y or J bands). These objects will be investigated later in an updated catalog version, since they can provide valuable astrometric information.
The fact that we considered only those objects with an orbital uncertainty lower than 10 removes 5 897 out of 68 237 predicted objects. A separate algorithm is under development to find objects with an uncertainty larger than 10 .
Overall, 47 666 objects were found in the vhsDetection. The number of objects found is lower than predicted because a predicted position may not have an associated detection. This can be explained by taking into account the gaps between the detectors. The area considered for predicting the objects is 2.18 square degrees (circular area with a radius of 3000 ) com- pared with the area covered by all the detectors, 16·(2048 · 0.34/3600) 2 = 0.6 square degrees (16 square detectors of 2 048 pixels with 0.34 /pixel). The number of predicted detections (∼ 1 500 000) multiplied by the ratio of the two area suggests that about ∼ 410 000 detections should be found, compared with the ∼331 852 retrieved detections. The difference can be explained by the limiting magnitude of the filters (which can be seen by the saturation around 0.4 error magnitude in the Ks filter - Fig. 8 ).
Before the final computation of the colors and of the spectrophotometric data, the pipeline removes those detections which are marked as deprecated (46 880 detections), or have astrometric inconsistencies (9 051 detections), or present aspect issues such as long trails or double lobbed, (3 388 detections), could be misidentified, owing to close by apparent neighbor objects (37 192 detections), or there is a single detections for an object (4 966). After this operation, a total number of 230 375 valid detections remains.
The reliability assessment is made using two methods: 1) comparison of the observations of the same object from multiple nights and 2) comparison with similar surveys performed in the same spectral region. A direct comparison of the magnitudes of the same SSo observed on multiple nights cannot be done because their brightness varies significantly. However, in the hypothesis that their surfaces are compositionally homogeneous, their colors should not change (considering that the phase angle effects are negligible). Therefore, internal comparison of colors was possible by identifying 6 941 objects observed on two separate nights, 1 411 observed on three separate nights, 293 objects observed on four separate nights, and 85 objects observed on more than four separate nights.
In Eq. 1, N is the number of nights on which the object was observed, c i is the color obtained on the night i, andc is the averaged value of the obtained colors. This standard deviation quantifies the spread of values obtained on multiple nights for the color of an object. The σ nights was compared with the average value of the reported photometric error (ē c ) of these colors ( Fig. 9 ): ≈ 68% of the objects withē c < 0.1 have σ nights < 0.1, and ≈ 23% of them have 0.1 < σ nights < 0.2. This result complies with the definition of the standard deviation. The comparison shows that the determined colors are consistent with the photometric error: the distribution of multiple observations is limited to the photometric accuracy. This is less valid for smaller photometric errors (≤∼ 0.05), which can be explained by the lightcurve related effects.
Accurate comparison between the colors obtained by different surveys or by other particular observations is difficult since each survey tends to use its own set of filters (with different characteristics), and different observing and data reduction strategies. Up till now, the NIR colors of the largest number of SSo have been obtained by Sykes et al. (2000) using 2MASS survey. Their data are available in the 2MASS Asteroid and Comet catalogues via the Planetary Data System node 6 .
In Eq. 2 the subscripts V and 2 indicate VISTA and 2MASS surveys, respectively. To compare the colors of minor planets observed with J, H, and Ks filters by both 2MASS and VISTA, we need to take into account the characteristics of the filters. The expressions that relate the two filter sets were derived from a compilation of data measured on the two surveys 7 Eq. 2. To compare the (J-H), (J-Ks), and (H-Ks) colors of SSo observed by these two surveys, we select the measurements with photometric error less than 0.1. We found 353 SSo with (J-H) colors, 221 with (JKs) colors, and 198 with (H-Ks) colors obtained by both surveys. We applied the expressions shown in Eq. 2 to the selected 2MASS data. The distributions of the differences between the two surveys are shown in Fig. 10 . They correspond to the following average values (µ V2M ) and standard deviations (σ V2M ): µ
108. There are several outliersmostly for the J-H and (J-Ks) colors -which can be explained as possible misidentifications. We note that the comparison between the minor planets observed in DENIS survey and the ones obtained by 2MASS shows a similar dispersion (Baudrand et al. 2001 (Baudrand et al. , 2004 . are grouped in three catalogs: the detections catalog (MOVIS-D), the magnitudes catalog (MOVIS-M), and the colors catalog (MOVIS-C). The split of the data was performed with the purpose of organizing it in an efficient way for analysis. The detection information, the spectrophotometric data, and the resulting colors require different approaches to combine the data. The description of the information contained on each column is given in Table A.1, Table A.2, and Table A In cases where a certain degree of deprecation can be accepted, these detections can provide useful information for some particular objects.
The valid detections correspond to 39 947 objects including 52 NEAs, 325 Mars Crossers, 515 Hungaria asteroids, 38 428 main-belt asteroids, 146 Cybele asteroids, 147 Hilda asteroids, 270 Trojans, 13 comets, 12 Kuiper Belt objects, and Neptune with its four satellites. The distribution of the detected objects in semi-major axis vs eccentricity plot is shown in Fig. 11 . The objects with valid measurements in at least two different bands were used to build the magnitudes and the colors catalogs. The objects observed with only a single filter are logged just in MOVIS-D file. The information provided in MOVIS-D catalog (i.e. frame ID, RA, DEC, MJD) allows to retrieve the VISTA images of any SSo using the web application form provided by VISTA science team or the ESO archive query form.
The MOVIS-M and MOVIS-C catalogs use the values of the corrected magnitudes measured with 1 aperture radius (denoted aperMag3 in vhsDetection database).
The magnitudes catalog (MOVIS-M) contains the measurements of an object obtained with different filters. The data is selected with the constraint to have the minimum time interval between the observations of an object in different wavelength bands. An entry contains a single result for each filter. If an object was observed on multiple nights, a separate entry is provided for each night (called set). This catalog provides measurements for 43 241 sets. The accuracy of the magnitudes is described by both the photometric error and the seeing. The time interval between the observations gives an indication of the effect introduced by lightcurve variations.
The colors catalog (MOVIS-C) contains the (Y-J), (Y-H), (Y-Ks), (J-H), (J-Ks), and (H-Ks) colors for the 34 998 objects found in VISTA-VHS. If an object was observed on multiple nights, the colors were merged together, as described in Section 3.3. The color errors and the time interval between the two observations used for the color computation are also provided. The number of colors for each object varies owing to different subsurvey strategies and different limiting magnitudes of the filters. Fig. 12 shows the number of objects for which a given color was obtained.
Data analysis
In this section, we analyze the colors of minor planets from MOVIS-C catalog by means of color-color plots. The aim is to derive information about the surface composition based on NIR colors. To achieve this, we compare our results with the known spectral properties of minor planets.
General overview
The visible to near-infrared (VNIR) spectral region is the most exploited for determining the surface composition of minor planets. There are three reasons for this: a) the atmosphere is relatively transparent at these wavelengths; b) the reflected component of the flux is maximal; and c) the mineralogy is the primary first-order determinant of the spectral properties (Gaffey et al. 1989 ). The wide absorption features of asteroids in this wavelength interval can be characterized even using broadband filters (e.g. Hahn & Lagerkvist 1988; Birlan et al. 1996; Sykes et al. 2000; Ivezić et al. 2001; Hainaut & Delsanti 2002; Parker et al. 2008; Carruba et al. 2013; DeMeo & Carry 2013; Carry et al. 2016 ). The central wavelengths of Y, J, H, and Ks filters (Fig. 13 ) enables us to find gradients and turning points of the spectral data, as well to quantify the absorption bands (e.g. Hainaut & Delsanti 2002), thus enabling us to have an approximate determination of the surface mineralogy. For example, if we refer to typical spectra of S-type asteroids, showing the 1 and 2 µm absorption bands (which is the case of asteroid surfaces with an olivine-pyroxene composition), the Y filter samples the spectral region close to the first band minimum, the J and H filters are centered around the maximum in the NIR reflectance spectrum, and the Ks filter covers the wavelengths close to the second band minimum (Fig. 13) . The two reflectance spectral types (i.e. reflectance spectra are obtained as the ratio of the observed spectral data to a solar analog star spectrum) were normalized to unity at 1.25 µm and shifted down in reflectance by 0.5 for comparison. Near-infrared J, H, and K photometry have proved to be a powerful tool for obtaining information about the surface composition of asteroids for a long time. Hahn & Lagerkvist (1988) found a wide range of (J-H) colors of M-type asteroids and a distinct separation of S, A, and D taxonomic classes. They also found that NEAs occupy a very large region in (J-H) vs (H-K) plot, corresponding to all taxonomic types. Veeder et al. (1995) observed 56 asteroids members of Eos, Koronis, and Maria families using J, H, and K filters. They found that the objects belonging to a specific family have a similar surface composition. Hainaut & Delsanti (2002) performed a statistical analysis of VNIR colors for 104 minor planets from the outer solar system identifying various group properties among the different dynamical populations. Recently, based on observations made with J and H filters for (624) Hektor and (762) Pulcova, Gorshanov et al. (2014) suggest that these minor planets have heterogeneous surface composition. Bus & Binzel (2002a,b) The largest set of NIR colors of minor planets was provided by Sykes et al. (2000) using 2MASS survey data. Their initial catalogs contain observations of 1 054 asteroids and two comets. These results are discussed in (J-H) vs (H-Ks) space and are compared with the regions mapped by S, C, D, and A taxonomic classes. These regions were defined using data from Hahn & Lagerkvist (1988) , Smith et al. (1992) and Veeder et al. (1995) . They found that even there are significant regions in which the colors of different taxonomic types overlap, there are some areas in which a specific one dominates. The separation between S, C, and D types can be seen for data with SNR > 30. Sykes et al. (2000) speculate that the larger dispersion of NIR colors obtained for low SNR data can be explained by an increasing compositional variation of objects with smaller sizes (which typically have fainter magnitudes).
Following the work presented in the papers outlined above, we used the color-color plots to analyze MOVIS-C data. To map the distribution of objects in those plots, we applied two methods: 1) plot the colors of MOVIS-C objects with an assigned taxonomic type by Bus & Binzel (2002a,b) and Lazzaro et al. (2004) ; 2) compare our results with the colors obtained from the template spectra defined by DeMeo et al. (2009) for the different taxonomic classes.
The data obtained with the four filters allow the computation of six colors (Fig. 12) . The number of color-color plots that can be generated with these colors is fifteen (C 2 6 = 15). To select the relevant ones, we considered the following arguments: (i) the (J-H) vs (H-Ks) plot enables us to discuss the results in the framework of previous publications; (ii) the (Y-J) vs (H-Ks) plot contains observations made with all four filters; (iii) because of the survey strategy and different limiting magnitudes of the filters, the majority of the data are obtained using the Y, J, and Ks filters (Fig. 12) ; (iv) the magnitude errors of the observations made with H filters are larger compared with those obtained with Y and J filters. Thus, we selected four plots for this discussion:
(J-H) vs (H-Ks); (Y-J) vs (H-Ks); (Y-J) vs (J-Ks); and (Y-J) vs (Y-Ks).
The goal of our analysis is to identify groups of minor planets that have similar surface composition and to match them with the taxonomic types. A precise taxonomic classification gives an approach to a specific mineralogy for the corresponding object and is the first step for further studies of comparative planetology. Most of the objects presented in the MOVIS-C catalog are asteroids. As a consequence, for discussing the distributions of data in the color-color plots, we can refer to the Bus taxonomy (Bus & Binzel 2002a,b) and to its extension into the NIR -the DeMeo taxonomy (DeMeo et al. 2009 ).
The first approach is to map the colors of asteroids with known spectral behavior. Currently, the number of minor planets with spectral observations is of the order of a few thousands (Popescu et al. 2012) . About 2 500 spectra of main-belt asteroids were obtained by SMASSI (Xu et al. 1995) , SMASSII (Bus & Binzel 2002b,b) , and S 3 OS 2 (Lazzaro et al. 2004) . Their observations covered the wavelengths between ∼ 0.45 and 0.92 µm and the spectra were classified using the Bus taxonomic system. We found 278 objects in MOVIS-C catalog with spectra observed by these large surveys. Table 1 shows the mean values and the statistical dispersions of MOVIS-C colors corresponding to asteroids belonging to the C-complex (B, C, Cb, Cg, Cgh, and Ch classes), the S-complex (S, Sk, Sl, Sq, and Sr classes), the X-complex (X, Xc, Xk, Xe), and to the end member classes A (including A and Sa types), D, and V, according to Bus & Binzel (2002a,b) and Lazzaro et al. (2004) . This enables us to estimate the limiting color errors required to separate between different taxonomic types. For example, the Euclidean distance in the (Y-J) vs (Y-Ks) space between the median value of C-complex and S-complex is 0.21, which suggests that even some observations with color errors ∼ 0.1 can be classified within the two classes.
The second approach is to compare the distribution of MOVIS-C data in color-color space with the position of colors computed for the template spectra of the different taxonomic classes defined by DeMeo et al. (2009) . They define 25 classes that cover the 0.45 to 2.45 µm interval. The reflectance values of the template spectra are defined for 41 wavelengths evenly spaced at 0.05 µm. The template curves were obtained by applying principal component analysis to a set of 371 spectra of asteroids. The asteroids reflectance spectra are obtained as the ratio of the observed spectral data to a solar analog star spectrum determined in similar conditions.
We computed the equivalent of these spectral templates curves into the color domain by taking into account the response curve of the filters and the solar colors as follow: a) re-sample the template spectra to a wavelength step of 1 nm using linear interpolation; b) multiply the spectra by the filter transmission functions and integrate the result to obtain the photometric values; c) subtract them to determine the colors; d) add the colors of the Sun to the results. The obtained colors of the template spectra from the DeMeo taxonomy are shown in Table B .1. Their discussion is made with respect to the main groups: the C-complex (B, C, Cb, Cg, Cgh, and Ch classes), the S-complex (Q, S, Sq, Sr, Sv), the X-complex (X, Xc, Xe, Xk), and to the end member classes A (including A and Sa types), D and V. Figures 15-b, 15-d, 15 -h, and 15-k display the location of these colors compared to MOVIS-C data with color errors less than 0.033.
We used the solar colors obtained by Casagrande et al. (2012) . Their values were found using 2MASS observations: (J − H) 2 = 0.286, (J − K s) 2 = 0.362, (H − K s) 2 = 0.076. The transformation to VISTA filters system was performed using Eq. Table 2 from the cited article). The error of the conversion coefficients between VISTA and 2MASS system is not provided. We note that the (Y-J) value is very uncertain as the 2MASS survey does not have the Y filter, so the solar flux in Y is computed using a linear interpolation of J, H, and Ks solar values from 2MASS. This uncertainty in the colors of the Sun translates into an offset in the color computed for the template spectra.
The diversity of SSo colors can be quantified by the statistical mean and variance of the MOVIS-C data with color error less than 0.033: the largest variation is σ 
(J-H) vs (H-Ks)
The (J-H) vs (H-Ks) plot has been used by different authors to separate the spectral classes (e.g. Hahn & Lagerkvist 1988; Smith et al. 1992; Veeder et al. 1995) . In Fig. 14 we present the regions mapped by Sykes et al. (2000) in the (J-H) vs (H-Ks) space (corrected to the VISTA system using Eq. 2). The MOVIS-C objects with color uncertainties smaller than 0.033 are plotted for comparison. The distribution of our data is similar to that found by Sykes et al. (2000) : most of the objects concentrate in the region defined by S, C, and D limits. The highest population density is in the region where the three classes overlap. The A class, which is the only one that is completely separate, has two objects inside its region and several others around its borders. There are also many objects nearby the outside borders of the defined S and C regions, suggesting that these regions, in our case, are larger than those mapped by Sykes et al. (2000) . Several tens of objects are located in the lower left corner of the plot, i.e. low (J-H) and low (H-Ks), with a widely spread distribution. There are no points identified by Sykes et al. (2000) in this region. Given the small color error (<0.033) of the minor planets plotted in Fig. 14 , the distribution in the (J-H) vs (H-Ks) plot can only be a consequence of a real compositional variation of these bodies. This hypothesis is also supported by the plot of MOVIS-C colors of objects with known visible spectra (Fig. 15-a) . The V-types (objects with spectra similar to that of the asteroid Vesta) have low (J-H) and (H-Ks) colors, explaining the data located at the lower left corner of the plot (light blue). Figure 15 -a also confirms the in-fill between the S and C groups. The X-types, introduced by Bus taxonomy for featureless spectra with slightly to moderately red slopes, share almost the same region with Ctypes. Part of them are concentrated in the limits between the C and D regions. The identified D-types appear as a distinct group, having two S-type intruders that can be explained by their large errors.
The colors of the template spectra from the DeMeo taxonomy confirm the mapping of the distribution in (J-H) vs (H-Ks) plot (Fig. 15-b) : the S, C, and X complexes are located in the dense regions, and D-and V-types are in the middle of the corner groups.
The partial overlapping between S, C, and D groups in (J-H) vs (H-Ks) plot makes it difficult to assign a taxonomic class based on these colors. Moreover, the small distance between the colors of the template spectra suggests that only data with accurate photometry (i.e. color errors less than about 0.05) can be useful for deriving information about the surface composition of the objects. However, the (J-H) vs (H-Ks) is useful to identify asteroids belonging to end member classes A and V, which are separated enough from the main distribution.
The matching between the regions mapped by Sykes et al. (2000) and MOVIS-C data provides an additional argument for the reliability of the MOVIS pipeline.
(Y-J) vs (H-Ks)
The Y-filter samples the 1 µm absorption band, which is characteristic of the spectra of olivine-pyroxene compositions (Fig. 13) . These type of objects have a steep spectral slope in the wavelength region covered by Y and J filters, which is quantified by a large value of the (Y-J) color. Thus, it can be used to separate between the spectra having the 1 µm absorption band and featureless spectra.
The (Y-J) vs (H-Ks) plot of asteroids with know spectral classification shows the separation of the S-and C-complexes in a better way than the (J-H) vs (H-Ks) plot (Fig. 15-c) . Objects classified as S and C/X define two clusters with almost no overlapping region. In any case, there are several interlopers which show unusual colors. Their data can be explained either as measurement artifacts, or they may have particular spectral properties.
The asteroids classified as V-types are concentrated on the upper left side of the plot, with (Y-J) > 0.55 (Fig. 15-c) . The interloper in this region (pink dot) is the asteroid numbered with 5051. This object was classified as Sr type by Bus & Binzel (2002a) , based on its visible spectrum. Using the curve matching methods (Popescu et al. 2012) , we found that this spectrum is matched by R-type (which has, like the V-types, a deep 1 µm band). We also note that, according to its dynamical parameters (a = 2.29 AU, e = 0.099, i = 6.62
• ), 5051 belongs to the Vesta family.
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The (Y-J) vs (H-Ks) plot of objects with color errors less than 0.10 is consistent with the distributions discussed above. The clusters corresponding to S-and C/X complexes are identifiable even for large errors (Fig. 15-f) .
(Y-J) vs (J-Ks)
The reasons for introducing the (J-Ks) color are that the expected variation for this color owing to possible spectral shapes is larger than that of the (H-Ks) color (see Table 1 ), that most of the objects in MOVIS-C catalog have observations in J and Ks bands (Fig. 12) , and that the limiting magnitude in J band is fainter than in H band (Fig. 8) .
Compared with (Y-J) vs (H-Ks) diagram, the (Y-J) vs (J-Ks) plot of objects with known spectral classification shows a better separation between the S-complex and C-complex ( Fig. 15-g ). Thus, we performed a linear fit to the colors of the objects (asteroids 2952, 4733, 2374, 3170, 1734, 26879, 3885, 3675, and 4044 ) located just on each side of this S / C division. Their classification was obtained based on the visible spectra from the SMASS and the S 3 OS 2 surveys .
The linear fit obtained follows the expression -Eq. 3. Regarding the separation defined by Eq. 3, between the Sand the C-complex, we note that there are three objects that spectrally belong to the S-complex, but located in the C-region according to their (Y-J) and (J-Ks) colors: 3040, 5610, and 4733. Also the asteroid 2106 is spectrally assigned to the C-complex, but it is well inside the S-complex region of the plot. By looking at the VISTA images of these objects, we found that the asteroids 3040 and 5610 overlap with a faint star in the J-filter, and these measurements are not removed by our pipeline. For the asteroids 4733 and 2106, we do not identify any artifact related to the images, which suggests either an atypical spectra in the NIR region or some particular issues that were not removed by the pipeline, such as varying atmospheric conditions or rapid lightcurve variations.
The plot of objects with color error less than 0.033 (Fig 15-h) shows the gap between the S-complex and the C/X-complex. In the same plot, the colors of the taxonomic templates are in agreement with this separation.
The asteroids with spectral properties compatible with the V-types are separated from the other spectral classes by a clear zone, defining a region with colors (Y-J) ≥ 0.5 and (J-Ks) ≤ 0.3 (Fig 15-h) . Considering that the uncertainties of the colors are <0.033, the large spread of this group reflects the surface composition variation. Figure 15 -i shows that the V-type candidates can be well identified even for large color errors (less than 0.1).
The (Y-J) vs. (J-Ks) plot also enables us to identify A-types: these are characterized by (J-Ks) ≥∼ 0.85 and moderate (Y-J). Unfortunately there are only two objects classified as A-type with accurate MOVIS colors (Fig. 15-h ).
(Y-J) vs (Y-Ks)
The (Y-Ks) colors of asteroids with known visible spectral taxonomic types are spread over an interval larger than 1 magnitude (Fig. 15-j) . This provides the best ratio between color variations and errors compared with other colors obtained from Y, J, H, and Ks observations.
As in the case of (Y-J) vs (J-Ks), the (Y-J) vs (Y-Ks) plot separates the primitive asteroids (C-complex) from the rocky ones (S-complex). Following the same procedure as that described for the of Eq. 3, we can compute a linear fit using the colors of the asteroids located on both sides of the division line (1554, 6906, 3170, 822, 6410, 3885, 3675, 558, and 244) , obtaining the expression, Eq. 4.
With a moderate slope in the NIR region, most of the objects from the X-complex occupy the intermediate region between those belonging to the C-complex and those classified as D-types (Fig. 15 -j) .
The A and the V types occupy the marginal regions of the (Y-J) vs (Y-Ks) plot (Fig. 15-j) . The only interloper in the V-type region (pink dot in Fig. 15-j) is the asteroid 5051, as discussed in Section 5.3. The D-type asteroids occupy a separate region in this color-color plot. The intruders in this region correspond to the Sa type that is characterized by a spectra with red slope in the NIR. This type can be separated from the D-types based on the presence or not of the 2 µm absorption band, detectable with the (H-Ks) color. The B-types are defined by DeMeo et al. (2009) based on their negative NIR slope. As such, they should be located in the lower left corner of the (Y-J) vs (Y-Ks) plot. Interestingly, the colors of the B-type objects identified by SMASS and S 3 OS 2 , i.e., classified as B-types based exclusively on their visible spectra, are not located in this expected region (Fig. 16 ). This was explained by de León et al. (2012) who found that asteroids classified as B-types according to their visible spectra show a continuous shape variation in their NIR spectral slopes, ranging from negative, blue slopes, to positive, moderately red slopes. Therefore, the (Y-J) vs (Y-Ks) plot enables us to separate the group of B-types as defined by DeMeo et al. (2009) , i.e., as those having negative NIR spectral slope.
The data corresponding to the S-complex spreads almost uniformly over a very elongated region of the (Y-J) vs (Y-Ks) plot ( Fig. 15-j) , which suggests a continuous variation of the NIR slopes of the S-types. This effect can be explained by the spaceweathering effects, a process that is the result of dust impacts and solar wind sputtering on the surface of atmosphereless rocky bodies, which causes a reddening of their spectral slope, a decrease in the spectral absorption band depths, and a diminishing of their albedo (Hapke 2001; Brunetto et al. 2006 Brunetto et al. , 2007 .
The (Y-J) vs (Y-Ks) plot of objects with color error up to 0.1 is consistent with the results found for accurate observations. The computed separating line for the S-and C-complexes applies even for high errors (Fig.15-l) .
Conclusions and further work
This paper describes the NIR photometric data of minor planets observed by the VISTA-VHS survey. This survey uses Y, J, H, and Ks filters for imaging the entire sky of the southern hemisphere. A total of 39 947 SSo were detected in the VISTA VHS Data Release 3 (which covers ∼40% of the planned survey sky area). The detections found include: 52 NEAs, 325 Mars Crossers, 515 Hungaria asteroids, 38 428 main-belt asteroids, 146 Cybele asteroid, 147 Hilda asteroids, 270 Trojans, 13 comets, 12 Kuiper Belt objects, and Neptune with its four satellites. About 34 998 of these objects were imaged with at least two different filters.
The retrieved photometric data of SSo is provided as a set of catalogs called MOVIS. These catalogs are obtained using a pipeline that finds the objects based on their ephemeris, retrieves the data by interfacing them with VHS tables, removes the wrong associations, and does a post-processing of the data (averaging, data combination, and color computation). The correctness and reliability of the pipeline is assessed by analyzing the error distributions and by comparing the results with the 2MASS dataset.
The results are reported in three catalogs: the detections catalog (MOVIS-D), the magnitudes catalog (MOVIS-M), and the colors catalog (MOVIS-C). We presented them in Section 4 and in the annexes. These catalogs will be stored online at the CDSStrasbourg data center.
The analysis of the near-infrared color-color plots derived from MOVIS-C data shows the large diversity among different minor planet surfaces. The patterns identified in the distribution of NIR colors correspond to different taxonomic types. The color-color plots of the asteroids with known spectral properties reveal the color intervals corresponding to various compositional types. All the diagrams that use (Y-J) color separate the spectral classes more accurately than has been performed until now using the (J-H) vs (H-Ks) plots. Even for large color uncertainties (<0.1), the plots (Y-J) vs (Y-Ks) and (Y-J) vs (J-Ks) clearly separate the asteroids belonging to the main spectroscopic S-and C-complex and enable us to identify the end taxonomical type members A, D, R, and V types. Few outliers are outside these patterns, thus confirming the correctness of the MOVIS pipeline.
Future work includes:
1. Continue to obtain the NIR spectrophotometric data as the survey progresses. We expect to obtain the colors of another 50 000 objects. 2. Perform a statistical analysis based on clustering methods, such as principal component analysis to provide additional information about the surface composition. Correlation of NIR colors with albedo and visible colors (SDSS) can bring new insights about the spectral behavior over this interval.
Comparison with laboratory data (i.e. with meteorites' reflectance spectra) may provide new ways to obtain the mineralogy of the observed objects. 3. Obtain the distributions of objects with various dynamical parameters to provide a new mapping of the composition of the solar system. 4. Update the pipeline to obtain the astrometric and the photometric information for objects with uncertainties in their position larger than 10 arcsec. 5. Provide an algorithm to taxonomically classify the objects based on their colors. This algorithm needs to take into account the distance between the classes in the color-color plots, their spread and the photometric accuracy of the objects.
Appendix A: Catalog column description -0 -indicates all valid measurements.These measurements passed all sorting criteria and were used for generating the MOVIS-C, and MOVIS-M catalog -1 -indicates measurements for which the movement rate multiplied by the stack time interval (trail) is above the specified threshold (1 ) -2 -indicates all the measurements which failed the O-C criteria -3 -indicates single night detections for the corresponding object. These measurements can not be used for color computation or for deriving photometric properties.
-4 -indicates measurements for which the object has neighbors in the searched box. If the object is in only detected alongside neighbors in one of the stack frames from that night, then all the measurements from the set were indicated with code 4;
-5 -indicates measurements for which the object overlaps with a background source, based on the comparison with USNO-B1 catalog -8 -indicates deprecated measurements, i.e. those measurements which are shown as deprecated in vhsDetection catalog or have saturation issues, or were shown as noise, or are signalized with post-processing error bits. The flag is computed taking into account the following columns from the vhsDetection table: deprecated, saturatCorr, ppErrBits, class. For particular purposes, some of these measurements, which have low degree of deprecation, can be useful, but they were not included in our post-processing routines. 
